ABSTRACT: Changes in the East Asian monsoon and the related river discharge under global warming conditions are investigated using 2 time-slice simulations of the IS92a scenario with a T106 atmospheric general circulation model (ECHAM4) for 1971 to 1980 and 2041 to 2050. Daily runoff and drainage calculated by the land-surface scheme are used as input to a hydrological model to diagnose changes in the Yangtze River and Zhujiang River discharges. In the future climate, the simulated annual cycle of precipitation over the southeastern coastal area of China is systematically shifted about 1 mo ahead compared with the present-day climate, and the rainy season starts 1 mo earlier for the Yangtze River Valley and North China. In line with the surface-warming distribution change, the East Asian summer monsoon (EAM) flow strengthens. This causes increased precipitation in North China. In winter, the subtropical part of the EAM flow strengthens and leads to a large increase in rainfall over the EAM region. The discharges of the Zhujiang and Yangtze rivers in the future climate decrease in the late summer and autumn, to which both increased evaporation and an early retreat of the monsoon rainfall contribute. In the early and mid-summer, the Yangtze River discharge increases, mainly due to the large increase in precipitation in the preceding months, which has been stored in the catchment.
INTRODUCTION
The warming associated with increasing greenhouse gas concentrations is likely to cause an increase in Asian summer monsoon precipitation variability (Kitoh et al. 1997 , Hu et al. 2000a . The Asian monsoon is comprised of 2 distinctive entities: the South Asian (Indian) monsoon and the East Asian monsoon (EAM). This paper will focus on the change in the EAM under global warming conditions.
The EAM has complex space and time structures that are distinct from those of the South Asian (Indian) monsoon. Its rainy season (May to August, depending on the area) is characterized by persistence and northward movement of a zonally oriented rain band called Meiyu. As discussed by Tao & Chen (1987) , the major components of EAM circulation that form Meiyu are the western Pacific subtropical high (WPSH), the crossequatorial flow of the lower atmosphere over the South China Sea and Bay of Bengal, and the mid-latitude baroclinic disturbances.
The EAM circulation and, in particular, its precipitation are affected by processes on spatial scales that are considerably smaller than those resolved in the coupled climate models currently employed. The resolution of the ECHAM4 atmospheric general circulation model (AGCM) used in Hu et al. (2000a) , for instance, is only T42 (2.8°× 2.8°). With this resolution the model is too coarse to capture the EAM circulation and the related hydrological cycle adequately. Cur-rently, 3 techniques are available to compensate for this problem:
• dynamical downscaling via time-slice simulations with global high-resolution models; • dynamical downscaling using high-resolution regional models; • statistical downscaling. The advantages and limitations of these methods have been discussed in Cubasch et al. (1995) , Lal et al. (1997) , Rummukainen (1997) and IPCC (2001) . In this study, we employ the time-slice simulation method (Bengtsson et al. 1995 , Cubasch et al. 1996 , Wilby & Wigley 1997 , Déqué et al. 1998 , Jones et al. 1998 , May & Roeckner 2001 , which uses a global atmosphere model with a horizontal resolution of 1.1°× 1.1°. Details of the model and the design of the time-slice experiments can be found in Section 2.
The present-day interannual and interdecadal variability of the EAM have been extensively studied by many investigators (Ding 1991 , Yasunari 1991 , Lau 1992 , Nitta & Hu 1996 , Ji et al. 1997 , Chen & Graf 1998 , Bueh & Ji 1999a , Lu & Chan 1999 , Samel et al. 1999 , Kripalani & Kulkarni 2001 . However, the EAM change under global warming conditions has hardly been investigated. Wang & Ye (1993) and Nitta & Hu (1996) found from observational data a pronounced warming trend in North China.
Using observational data, Hulme et al. (1994) concluded that coinciding with warming in the last century, East Asian precipitation increased with a trend of 0.54% decade -1 , which is larger than the global average for land areas (0.25% decade -1 ). Analyzing model simulations, they further suggested that by 2050 the mean temperatures of East Asia will be higher than the warm seasonal anomalies that occurred during the last decade. The mean annual precipitation is projected to increase by about 3%, but with greater uncertainty than for the temperature projection.
Signs of intensified Asian summer monsoon and weakened East Asian winter monsoon have been derived from the long-term output of a coupled atmosphere-ocean model (Hu et al. 2000a,b) . The impact of the global warming on the EAM annual cycle will be investigated in section 3.
The discharges of the Yangtze and Zhujiang rivers are closely related to the EAM precipitation. Since the 1990s, the Yangtze River has shown a tendency towards more frequent and greater flooding. Chinese researchers have attributed this partly to the impact of increasing atmospheric concentrations of greenhouse gases. An analysis of changes in the discharge of the Yangtze and Zhujiang rivers is performed in Section 4, followed by a summary and discussion in Section 5.
MODEL, TIME-SLICE EXPERIMENT AND DATA
The time-slice experiments used the ECHAM4 AGCM, developed at the Max Planck Institute for Meteorology, for simulating the present-day and future global climate. It employs a 19-level hybrid sigma-pressure coordinate system, which extends vertically up to a pressure level of 10 hPa. The prognostic variables are represented by spherical harmonics with triangular truncation at wavenumber 106 (T106). Compared to its T42 resolution model, the high-resolution model produces in many respects a more realistic simulation of the present-day climate due to the inclusion of a much wider spectrum of spatial scales, and hence the interactions among them, and a more realistic representation of the topography (Stendel & Roeckner 1998 ). However, a number of problems remain since, due to restrictions of computing resources, the T106 model could not be tuned optimally (Roeckner et al. 1996) .
Two 10 yr simulations with this high-resolution model were performed as so-called time-slice experiments. One represents the present-day climate, while the other a climate with a doubled atmospheric concentration of CO 2 . For the first time-slice simulation, which covers 1971 to 1980, the lower boundary forcing, i.e. monthly mean values of the sea-surface temperatures (SSTs) and of the sea ice extent and thickness, was prescribed from a transient climate-change simulation performed with a coupled atmosphere-ocean model (ECHAM4/OPYC3) at T42 resolution, which extended from 1860 to 2050. For the second simulation of future climate, corresponding to the period 2041 to 2050, the changes in the lower boundary forcing were obtained from the same transient climate-change experiment. The data were detrended in order to mimic an equilibrium simulation with a mixed-layer model. The atmospheric concentrations of various gases for both time-slice experiments are prescribed as the corresponding 10 yr means.
The coupled model simulation, from which the boundary forcing was derived, is 1 of 3 time-dependent forcing experiments described by Roeckner et al. (1999) , and referred to as 'GHG' in their work. In the simulation, the concentrations of various greenhouse gases were prescribed as a function of time: CO 2 ; CH 4 ; N 2 O; CCl 4 ; and CH 3 CCl 3 . From 1990 onward, which contains the second period of our second time-slice simulation, the annual mean concentrations of these gases were prescribed according to the modified IPCC scenario IS92a ('IS95a'; Houghton et al. 1996) . Details of this model can be found in Roeckner et al. (1996) , Bacher et al. (1998) and the EU-project report SIDDACLICH (Simulation, Diagnosis and Detection of Anthropogenic Climate Change; Cubasch et al. 2000) .
The monthly mean precipitation and surface air temperature data of the Climatic Research Unit (CRU; New et al. 2000) for 1971 to 1980 and the monthly mean 1000 hPa wind of the National Center for Environmental Prediction (NCEP) reanalysis data (1971 to 1980 Kalnay et al. 1996) were used to validate the simulated values for the present-day climate. The observed monthly river discharges from Global Runoff Data Center (GRDC; Dümenil-Gates et al . 2000) were compared with the simulated present-day discharge.
To analyse the statistical significance of the changes, an optimal 2-sided test was applied (Lehmann 1986 ).
CHANGE IN THE ANNUAL CYCLE
The EAM rainfall is concentrated in the late spring and summer, and generally persists over South China and the Yangtze River. Its rainfall peaks also during summer, even though the amount is small. From late spring to summer, the EAM rain gradually moves northward and finally arrives in North China. We have selected 3 regions to represent the key areas related to the seasonal evolution of EAM circulation: the southeastern coastal area (SEC, (110) (111) (112) (113) (114) (115) (116) (117) (118) (119) (120) (121) (122) (123) (124) (125) (20) (21) (22) (23) (24) (25) (26) (27) ; the Yangtze River valley (YRV, 110-125°E, 27-34°N); and North China (NCN, 110-125°E, 36-42°N). The geographical locations of these 3 regions are shown in Fig. 1 .
Annual cycles of the area-mean 2 m temperature over the SEC, YRV and NCN are displayed in Fig. 2 (left). The annual cycles of the temperature for these regions are well simulated in the present-day climate simulation (first time-slice). However, in winter, the simulated 2 m temperatures are approximately 1 to 2°C lower than the surface air temperatures of the CRU data for all 3 regions. In addition, the simulated summertime temperature of NCN is overestimated.
In most months, the temperature changes between the 2 time-slice simulations are significant at the 95% confidence level for all 3 regions (Fig. 2,  right) . However, the simulated temperature increase varies between seasons (Fig. 3) . In winter and spring, the temperature change increases from the SEC via the YRV to the higher latitude region. This is consistent with the consensus conclusion of many IPCCrelated studies that the warming in higher latitudes is greater than that in the subtropics (e.g. IPCC 2001). However, this temperature pattern changes in summer and autumn. Specifically, a center of reduced temperature change (<1.5°C) appears to the north of the NCN in summer and over the NCN as well as its north side in autumn. The spatially varying temperature increase in the EAM region and its adjacent oceans (i.e. the western Pacific covering the South China Sea and the East China Sea) implies a change in the landsea thermal contrast and hence a change in EAM circulation, since the variation of the western Pacific SST is closely related to that of the EAM circulation in different seasons (Huang & Sun 1992 , Bueh & Ji 1999b ).
In the lower troposphere, the zonal and meridional winds are of the same magnitude during the EAM. Therefore the meridional wind is taken to represent the EAM strength following suggestions by Ji et al. (1997) . The annual cycles of meridional winds at the 1000 hPa level for the SEC, YRV and NCN are given in Fig. 4 (left) . For the SEC region the annual cycle of the meridional wind is simulated well, while for the other 2 regions it is underestimated in winter. Compared to the NCEP reanalysis, over the SEC and YRV the northerly winds in winter are simulated to become stronger, and the southerly winds in summer are projected to become weaker. A stronger annual cycle is projected for NCN.
The changes of the annual cycles for the 3 regions are displayed in Fig. 4 (right) . In late winter and early spring the flow from the north over the SEC is strengthened, implying an enhancement of the winter monsoon over this period, whereas there is a slight increase during the other months. The strong interannual fluctuation limits significance at the 95% level to February only. For the YRV, the annual cycle is strengthened for both the summer and late-winter monsoon flows. In February, the monsoon flow is The 3 domains in the figure stand for the SEC, YRV and NCN. Units are °C enhanced in all 3 regions and, as a consequence, a homogeneous precipitation increase occurs in these regions (see Fig. 6 ). The change is significant at the 95% level only during February and June. Over NCN, the flow is only significantly (95% level) enhanced during early summer. The winter monsoon flow along the eastern border of the Asian continent is weakened between latitudes 38 and 50°N (Fig. 5a) , whereas it is enhanced to the south of this latitude band. The mid-latitude part of the winter monsoon flow is weakened or shifted eastward as the subtropical part strengthens significantly. Another prominent feature related to the winter monsoon flow is the anomalous cyclonic convergence, and thus the moisture convergence, over the YRV, the SEC, and the South China Sea. This implies a precipitation increase over these regions.
The EAM precipitation is influenced by 3 distinct but interactive systems: a tropical monsoon that mainly consists of southerly flow over the Bay of Bengal and South China Sea, the WPSH, and the mid-latitude baroclinic disturbances. In particular, the position and seasonal movement of the WPSH have a crucial effect on the EAM rain band (Chang . Our model captures the coarse large-scale features of the seasonal evolution of the EAM precipitation (Fig. 6, left) . For SEC, the seasonal evolution is well simulated, but the precipitation amounts in May and June are lower than the observed amounts, mainly because the simulated WPSH shifts eastwards in spring and summer compared to the NCEP reanalysis (figure not shown). For the same reason, the YRV rainfall peak appears too early. For NCN, the annual cycle of precipitation is underestimated and the simulated summer rainfall peak is smaller than in the observations.
The simulated annual cycle of the SEC precipitation in the future climate systematically shifts about 1 mo ahead of that of the present-day climate (Fig. 6, top  left) . Consequently, the rainy season of the SEC both begins and ends 1 mo early. The precipitation increases from mid-winter to mid-summer, and it decreases during late summer and early autumn. These changes are significant at the 95% level in January, February, August and September.
For the YRV, the onset of the rainy season is simulated to appear 1 mo earlier in the future climate than in the present-day climate (Fig. 6, middle left) . The winter and early spring precipitation increases, while it remains unaltered during the other seasons. The change in winter is significant. The onset time of the summer monsoon flow is not changed (Fig. 4, top and middle left). Therefore, the early onset of the rainy season in the SEC and YRV results from the surface warming, the increased moisture, and the intensified winter monsoon flow. For NCN, the simulated rainfall peaks in the future climate 1 mo earlier (Fig. 6, bottom left) . The rainfall increases from February to September. This change is significant at the 95% level only in February, March and June.
In the coupled GCM simulation, from which the boundary forcing of our time-slice simulation is derived, Hu et al. (2000b) found for 2041 to 2050 a weakened Asian winter monsoon circulation. An anomalous cyclonic convergence with a center in the western Pacific can be found at the low resolution they used (Hu et al. 2000b, their Fig. 1d,e) and at the high resolution we used (Fig. 5a ) in the simulation, but with the difference that in our case the anomalous cyclonic convergence extends westward to the eastern continent of China, i.e. the YRV and SEC. This results in the enhancement of monsoon flow in our study.
In Hu et al. 2000b , the monsoon flow is separated from the anomalous southerly flow over the YRV and SEC. Here the anomalous cyclone over the western Pacific is related to the enhancement of the Asian winter monsoon flow between 32 and 40°N during the first years of the simulation (2000 to 2049, their Fig. 1d ). The connection with the Asian winter monsoon disappears and the anomalous southerly flow dominates over the whole EAM region in the later years of the projection (2050 to 2099, their Fig. 1e ). Both the change in the local land-sea thermal contrast (between the continent and the adjacent sea) and that of the circulation over the western Pacific contribute to the change in the wintertime EAM circulation. This last effect becomes increasingly important in the later phases of the climate projection. In our study, the anomalous cyclonic convergence over the western Pacific is responsible for strengthening the monsoon flow over the YRV and SEC. The different changes in the winter monsoon flow in the 2 studies lead to different precipitation changes. In winter, a large rainfall increase is simulated in the YRV and SEC in our study, while in Hu et al. (2000b) it occurs in an area extending from the northern part of the YRV to the southern part of North China. In summer, in line with the surfacewarming distribution, the monsoon flow strengthens along the East Asian coast (Fig. 5c) . The anomalous monsoon flow is , and to a northward intrusion of the precipitation band into North China (Fig. 7c) . Thus, in the East Asian region, the summer rainfall increase in NCN stands out, compared to that in the SEC and YRV.
CHANGE IN RIVER DISCHARGE
In order to study the changes in discharge of the rivers in the EAM region, i.e. the Zhujiang and Yangtze rivers, a global hydrological discharge model developed by Hagemann & Dümenil (1998) was applied. The model describes the translation and retention of the lateral discharge as a function of the spatially distributed land-surface characteristics. This model separates the lateral water flow into 3 flow processes: overland flow, base flow, and river flow. Overland flow and base flow are both represented by a single linear reservoir, and river flow is represented by a cascade of linear reservoirs. The overland flow uses runoff as input, the base flow is fed by drainage, and the inflow from other grid boxes contributes to the river flow. The sum of the 3 flow processes equals the outflow from a grid box. The discharge of a river is equivalent to the outflow from the river mouth to the ocean. The model computes the discharge at a 0.5°× 0.5°spa-tial resolution and a daily time step. Anthropogenic impacts, such as dams, reservoirs and irrigation, are not considered in the model. The performance of the hydrological discharge model is described in Hagemann & Dümenil (1998) for the global scale and in Hagemann & Dümenil (1999) for the Baltic Sea region.
The surface runoff and drainage from the soil, which are used as the input fields to the hydrological discharge model, are not directly available from the 2 time-slice simulations discussed in the previous section. Thus, daily time series were calculated from the corresponding precipitation and 2 m temperature data using a simplified land-surface scheme (Hagemann & Dümenil 1998) . This scheme computes the total water balance at the land surface, including soil moisture, accumulation of snow, snowmelt, evapotranspiration, runoff, and drainage. It has been applied to validate the hydrological cycles in the European Center for Medium-Range Weather Forecasts (ECMWF) and NCEP reanalyses, and it has been shown to be a good tool for representing the land-surface water balance (Hagemann & Dümenil-Gates 2001) .
The catchments of the Zhujiang and Yangtze rivers are displayed in Fig. 1 . It can be seen that the SEC and YRV coincide with the eastern parts of the Zhujiang and Yangtze river catchments respectively. The changes in the EAM flow and the related rainfall in the SEC and YRV, which are analyzed in the previous section, are therefore a good reference for the discharge analysis of the corresponding rivers.
Compared to the corresponding GRDC data, the seasonal evolutions of the discharges of the Zhujiang and Yangtze river catchments are reasonably well simulated (Fig. 8) . From May to September, the simulated discharge of the Zhujiang River is lower than the observed one. That of the Yangtze River is higher than the observations during the entire year. The simulated error for the Zhujiang River catchment is mainly caused by the simulated precipitation bias during the warmer months (Fig. 6, top left) . This can also be found for the Yangtze River catchment from January to May (Fig. 8, bottom left) . According to the GRDC data, the discharges of the 2 rivers reach their peak amounts about 1 mo later than that of the corresponding monsoon precipitation, reflecting the characteristic retention time (or coefficient) of the catchments. It can clearly be seen from Figs. 6 & 8 that the simulated bias of the precipitation in the time-slice simulation is also transferred into that of the river discharge.
In the Zhujiang River catchment, the simulated future climate discharge decreases in the second half year. The change is significant at the 95% level from October to December, while no clear signal is found in the first half of the year. The reduced precipitation (Fig. 6, top left) , for which the early monsoon retreat is responsible, together with increased evaporation caused by the surface warming (Fig. 9) , decreases the discharge during the second half of the year. The evaporation increase in this catchment is significant in most months of the second half year, consistent with surface warming (Fig. 3) . It is noteworthy that the precipitation increase from January to April leaves the corresponding discharge unchanged. Its increase in the Zhujiang River catchment during winter and spring is saved in the soil layers in early and midspring due to the characteristic retention time of the catchment. From May to July the discharge decreases slightly due to the increase in catchment evaporation, while during this time the precipitation changes only marginally.
The simulated discharge under doubled CO 2 in the Yangtze River catchment increases in May and June and decreases from August to October (Fig. 9) . Only in September does this decrease become significant; dur- ing the other months the strong interannual variability masks any signal. The increased discharge in May and June despite the decreased precipitation is caused by the precipitation increase in winter and spring (Fig. 6 , middle): The increased amounts of precipitation in winter and in early and mid-spring are stored in the soil layers of the catchment and in the land surface as the snow pack (figure not shown), especially over the eastern slopes of the Tibetan plateau. This results in increased discharge during May and June. Additionally, the evaporation increases in May and June (Fig. 9) . From August to October, the discharge decrease is caused by both the early retreat of the monsoon rainfall and the strong evaporation increase (Fig. 9 bottom) .
SUMMARY AND DISCUSSION
In this study, the changes of the EAM and the related river discharge under global warming conditions (CO 2 doubling) are investigated using 2 time-slice simulations with an atmospheric general circulation model, ECHAM4 AGCM (T106), and a hydrological discharge model. The first time-slice simulation (1971 to 1980) represents the present-day climate and the second simulation (2041 to 2050) the mid-21st-Century climate. The daily output data of runoff and drainage corresponding to these 2 simulations are calculated using a simplified land-surface scheme and used as the input to the hydrological discharge model for simulating the discharge changes of the Yangtze and Zhujiang river catchments.
In the EAM region, the distribution of the mean surface temperature change simulated in the mid-21st-Century climate ranges from 1.0 to 2.5°C, and it is very similar to the simulated range (1.0 to 3.0°C) of the multi-model ensemble based on the IS92a (G: greenhouse gases only) scenario over the same region (IPCC 2001) . The corresponding annual mean precipitation change ranges from 5 to 20% in the SEC and YRV, which agrees with the same multi-model ensemble (IPCC 2001) and amounts to more than 50% in the NCN, which is substantially higher. This difference results from the greater increase in winter and earlyspring precipitation in this study compared to the IPCC multi-model ensemble.
The simulated annual cycle of the SEC precipitation in the mid-21st-Century climate systematically peaks about 1 mo earlier than in the present-day climate. For the YRV and NCN precipitation, the onset of the rainy season will start 1 mo earlier in the future climate than in the present-day climate. The subtropical part of the EAM flow strengthens significantly in winter, whereas its mid-latitude part is weakened or shifted eastward in the future climate. The strengthened part of the winter monsoon flow is closely associated with the anomalous cyclonic convergence over the YRV, SEC and South China Sea; thus, it leads to the strong rainfall increase over the EAM region. In summer, in line with the surface warming distribution, the monsoon flow strengthens along the East Asian coast. This results in increased precipitation over North China in the future climate. The discharges of the Zhujiang and Yangtze rivers in the future climate decrease in late summer and autumn, to which both the increased evaporation and the early retreat of the monsoon rainfall contribute. In early and mid-summer, in contrast to the situation for the Zhujiang River catchment, the discharge of the Yangtze River catchment increases, mainly due to the strong increase in precipitation in the preceding months, which is stored as snow or groundwater in the catchment region.
We are trying to capture more detailed information on the EAM circulation and precipitation in the highresolution model but, because of limited computer resources, only two 10 yr time-slice simulation data are presently available to us. However, the 10 yr simulation period seems short and not capable of catching the signals of longer than decadal time-scales, which are likely to distort the results obtained in this study. Thus, efforts towards obtaining longer time-slice experiments will help to address this issue. According to the observational and proxy data from 1880 to 1990, Wang et al. (2001) found that a warm-wet relationship exists over the SEC and part of the YRV, while it is a warmdry relationship over North China and part of the YRV, in contrast to our results. Despite this, our results suggest that there is no robust connection between global warming and the more frequent flooding of the Yangtze River Valley, consistent with the conclusion of Wang et al. (2001) .
In addition, it can be seen in Fig. 6 (top and middle left) that the model used here, like other AGCMs currently available, is not able to simulate the seasonal evolution of the EAM precipitation with great reliability. Thus, further improvement of the model in representing the EAM cycle is necessary.
Another limitation of this study is that anthropogenic aerosols are not taken into account in the future climate simulation. Studies by Lal et al. (1996 Lal et al. ( , 1997 and recent studies based on the IPCC Special Report on Emissions Scenarios (SRES) indicate that anthropogenic aerosols act as a net negative radiative forcing in the future climate change (IPCC 2001) . Roeckner et al. (1999) argued that the enhancement of the Indian monsoon and the EAM (see their Fig. 16a-c) is not fundamentally affected by the inclusion of aerosols. However, the differences between the high-and low-resolution models, and uncertainties in the spatial distribution of aerosols, leave the effect of aerosols on the EAM undetermined.
